Responding to systemic demands in producing and replenishing end-effector blood cells is predicated on the appropriate delivery and interpretation of extrinsic signals to the HSPCs. The data presented herein implicate the systemic, extracellular form of the glycosyltransferase ST6Gal-1 in the regulation of late-stage neutrophil development. ST6Gal-1 is typically a membrane-bound enzyme sequestered within the intracellular secretory apparatus, but an extracellular form is released into the blood from the liver. Both human and murine HSPCs, upon exposure to extracellular ST6Gal-1 ex vivo, exhibited decreased proliferation, diminished expression of the neutrophilic primary granule protein MPO, and decreased appearance of CD11b + cells. HSPC suppression was preceded by decreased STAT-3 phosphorylation and diminished C/EBPa expression, without increased apoptosis, indicating attenuated G-CSF receptor signaling. A murine model to raise systemic ST6Gal-1 level was developed to examine the role of the circulatory enzyme in vivo. Our results show that systemic ST6Gal-1 modified the cell surface of the GMP subset of HSPCs and decreased marrow neutrophil reserves. Acute airway neutrophilic inflammation by LPS challenge was used to drive demand for new neutrophil production. Reduced neutrophil infiltration into the airway was observed in mice with elevated circulatory ST6Gal-1 levels. The blunted transition of GMPs into GPs in vitro is consistent with ST6Gal-1-attenuated granulopoiesis. The data confirm that circulatory ST6Gal-1 is a negative systemic regulator of granulopoiesis and moreover suggest a clinical potential to limit the number of inflammatory cells by manipulating blood ST6Gal-1 levels.
Introduction
The hematopoietic response to immune challenge is essential to the welfare of the organism, whether it is to meet demands to combat invading pathogens or to re-establish blood cell compartments after myelodepleting therapies. Particularly urgent is the maintenance of the granulocytic compartment in a contextappropriate way to effect a balance between immune-compromised and inflammatory states. Neutropenia carries with it the risk of infection, whereas neutrophilia and inappropriate inflammatory cell activation are associated with the pathogenesis of sickle cell disease, rheumatoid arthritis, and chronic obstructive pulmonary disease [1] [2] [3] . Neutrophils are among the first cells to access tissues under most inflammatory conditions, and are known to recruit and activate subsequent waves of effector lymphocytes during bacterial and viral infections and in chronic inflammatory diseases via chemokine and proinflammatory cytokine release [4] [5] [6] [7] . Managing inflammatory cell production is an attractive treatment modality, whether the goal is treating excessive inflammation or hastening the recovery of blood cells after myelodepletion episodes.
The systemic demand for end-effector blood cells is communicated to marrow HSPCs by the delivery of instructive cues, chiefly in the form of soluble cytokine factors [8, 9] . Glycans, by virtue of their position on cell surfaces, are situated to mediate how these cues are interpreted. The participation of cell surface glycans in multiple aspects of immunity and trafficking is well documented [10] . Sialyl-and fucosyl-glycans participate in the adhesive interactions critical to stem cell homeostasis, including the homing of CD34 + hematopoietic progenitors to the bone marrow [11] [12] [13] . However, the involvement of these critical glycan structures in cytokine signaling remains largely unexplored.
ST6Gal-1 is the sialyltransferase responsible for the construction of the a2,6-sialyl moiety on Gal(b1,4)GlcNAc termini. It has been implicated in suppressing differentiation of human pluripotent stem cells, as well as conferring radiation and chemoresistance in cancer cell lines [14] [15] [16] [17] . A significant body of literature has accumulated that documents the association of ST6Gal-1 with a diverse array of clinical conditions, including stress, atherosclerosis, alcoholism, and malignancies-particularly colon and breast cancers and multiple myeloma [18] [19] [20] [21] [22] [23] [24] [25] . ST6Gal-1 is typically regarded as a resident within the Golgi-ER secretory network, where it glycosylates nascent glycoproteins during intracellular biosynthetic transit. Enzymatically active ST6Gal-1 is also present in an extracellular form in the blood, and changes in the level of circulatory ST6Gal-1 have long been associated with inflammatory states, malignancy, and other disease conditions [26] [27] [28] [29] [30] [31] . Recent work in our laboratory has elucidated a basis for this extrinsic mechanism of glycosylation. We have found that platelets can supply the necessary sugar donor to extracellularly glycosylate the cell surface, and insufficiency in the circulatory form of ST6Gal-1 is associated with overly robust inflammation, exaggerated inflammatory cell production, and decreased sialylation in the bone marrow compartment [32] [33] [34] . However, the function of extrinsic glycosylation by circulatory ST6Gal-1 in regulating granulopoiesis during inflammatory events has not been explored.
We present data showing that ST6Gal-1 modifies the cell surface glycans of HSPCs and alters the response of committed GMPs to differentiating cytokines. Our data demonstrate that human and murine hematopoietic progenitor cell expansion and differentiation were suppressed by the presence of ST6Gal-1 in the extracellular milieu, to be called extrinsic ST6Gal-1. In a mouse model with an inflated circulatory level of ST6Gal-1, LPS-elicited acute airway inflammation markedly reduced airway neutrophil infiltration, concomitant with diminished neutrophil marrow reserves. Enhanced cell surface sialylation of FcgRII/III + progenitors was observed, indicating specific extrinsic ST6Gal-1-mediated modification of the granulocyte-monocyte progenitor. This modification resulted in attenuated STAT-3 phosphorylation and impeded transition of GMPs to GPs. The data show that circulatory ST6Gal-1 is a natural negative regulator of neutrophil production and suggest that manipulating blood ST6Gal-1 levels is a novel and viable approach to controlling the availability of neutrophils.
MATERIALS AND METHODS

Animals and inflammation models
The St6gal1-dP1 mouse (dP1), demonstrating a liver-restricted ST6Gal-1 deficiency, was obtained from the Consortium for Functional Glycomics (http://www.functionalglycomics.org/). The dP1 mouse was generated by a specific disruption to the P1 promoter of the St6gal1 gene, including removal of the 1.2-kb region containing Exon H, and backcrossed for .10 generations into the C57BL/6 background [35] [36] [37] . Age-and sex-matched C57BL/6 (CD45.2) animals were used as controls and are commonly referenced as WT.
The LPS model of acute pulmonary inflammation was performed as described elsewhere [38] . Mice received an oropharyngeal instillation of 50 mg of LPS. After 18 h, BALF analysis was performed. The trachea was cannulated with a 22-gauge i.v. catheter. PBS (800 ml) was injected and withdrawn from the lung 2 times with a tuberculin syringe. The WBC composition of BALF was assessed with a TC20 automated cell counter (Bio-Rad, Hercules, CA, USA) and flow cytometry. After lavage, the lungs were excised and fixed in 10% formaldehyde in PBS, embedded in paraffin, sectioned, and stained with H&E. A pulmonary pathologist blinded to the identity of the slides evaluated lung pathology.
The Institutional Animal Care and Use Committee of the Roswell Park Cancer Institute approved all animal protocols.
Ex vivo sialylation
Exo-sialylation was performed on human CD34 + (Lonza, Walkersville, MD, USA), and various populations were isolated from the WT mouse. Cells, referred to as "rST6Gal-1," were treated with 3.5 mU/ml rat ST6Gal-1 and 50 mM CMP-Neu5Ac for 3 h at 37°C before addition of cytokines into the 1 ml normal growth medium. For control, cells were resuspended in the same buffer with CMP-Neu5Ac, but lacking ST6Gal-1.
Sialyltransferase assays
Sialyltransferase assays were performed as described in several publications [35, 36, 39] .
HSPC isolation and analysis
Bone marrow cells were flushed from femur and tibia with PBS containing 0.5% FBS and 1 mM EDTA (FACS buffer). Hypotonic lysis buffer (0.8% NH4Cl and 0.1 mM EDTA buffered with KHCO 3 to pH 7.4) was added to remove RBCs. Cells were washed and resuspended in FACS buffer after centrifugation at 1200 rpm for 10 min at 4°C. Where indicated, cellularity was assessed with an automated cell counter. Immunofluorescent staining and flow cytometric analysis were performed. Samples were incubated with combinations of fluorescently labeled antimouse antibodies 1A8 (anti-Ly6G), RB6-8C5 (Gr-1; anti-Ly6G, anti-Ly6C), D7 (anti-Sca-1, Ly6A/E), AFS98 (anti-CD115), 2B8 (anti-c-Kit), HM48-1 (anti-CD48), N418 (anti-CD11c), BM8 (anti-F4/80), M1/70 (anti-CD11b), 93 (anti-CD16/32), RA3-6B2 (anti-B220), TC15-12F12.2 (anti-CD150), MJ7/18 (anti-CD105), MWReg30 (anti-CD41), HK1.4 (anti-Ly6C), anti-human antibodies 561 (anti-CD34), ICRF44 (anti-CD11b), and Sambucus nigra lectin (SNA; all from Vector Laboratories, Peterborough, UK). The cell populations examined and surface phenotypes were as follows: (LK; Lin For Western blot analysis, LK cells were either cultured for 6 d as detailed below, then purified by Gr-1 expression, or were subjected to 100 ng/ml rmG-CSF for various times. For p-STAT-3 analysis, cells were lysed in the presence of 4 mM sodium orthovanadate (Sigma-Aldrich). Lysates were separated by 10% SDS-PAGE and transferred to a PVDF membrane (EMS Millipore, Billerica, MA, USA). Blots were blocked in TBST containing 5% BSA at 4°C overnight. Blots were probed with anti-p-STAT-3 (Tyr705) (cat. no. 9145S, dilution 1:1000), anti-STAT-3 (cat. no. 4904S, dilution 1:1000), and anti-b-actin (cat. no. 3700S, dilution 1:1000; all from Cell Signaling Technology, Danvers, MA, USA) and anti-MPO (cat. no. AF3667, dilution 1: 1000; R&D Systems, Minneapolis, MN, USA) for 1 h at room temperature. All were subsequently incubated with IgG-HRP secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a 1:10,000 dilution. Visualization was performed with Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific, Waltham, MA, USA) on a ChemiDoc Touch (Bio-Rad). Band intensities were quantified by densitometry analysis with ImageLab software (Bio-Rad).
Ex vivo cultivation of HSPCs
Purified HSPCs were cultured ex vivo, as follows: 10 5 WT (C57BL/6) LK cells, 0.1 3 10 5 GMPs, or 0.75 3 10 5 FcgRII/III + progenitors were placed in serumfree medium (StemSpan serum-free expansion medium; Stemcell Technologies). Where indicated, recombinant ST6Gal-1 (3.4 mU/ml), CMP-Neu5Ac (50 mM), or both (see below) were included for 3 h before addition of the cytokine mixture (50 ng/ml rmSCF, 5 ng/ml IL-3, 50 ng/ml rmG-CSF, and 50 ng/ml rmM-CSF where indicated; purchased from BioVision, Milpitas, CA, USA). Liquid cultures were maintained at 37°C in 5% CO 2 for 72 h.
Differentiation of hHSCs into mature neutrophils after sialylation
Human CD34 + cells from bone marrow were plated on a 24-well tissue culture plate at 0.5 3 10 6 cells/ml for expansion [40] [41] [42] . Cells were plated in complete Stemspan II (Stemcell Technologies) and ex vivo sialylated for 3 h. The cells were then supplemented with 50 ng/ml rhSCF and IL-3 for 2 d. The concentration of SCF and IL-3 was reduced 2-fold every 48 h thereafter until day 7, when an additional 25 ng/ml rhG-CSF was added. On days 2 and 7, cells were resialylated 3 h before the addition of new cytokines. CD11b and CD34 levels were measured every 2 d to monitor differentiation toward neutrophils. Cultured cells obtained on days 12-14 were stained with MPO, Wright-Giemsa, and combined chloroacetate esterase and nonspecific esterase (CAE-NSE) stains.
Statistics
Testing for differences between mean values was determined by ANOVA or Student's t test, where appropriate, in Prism 6 software (Graph Pad, La Jolla, CA, USA). P , 0.05 is considered significant. 
RESULTS
Animals with elevated ST6Gal-1 have depressed neutrophil counts in a lung inflammation model
We have observed that excessive neutrophilic and eosinophilic acute inflammation presents in genetically altered mice with circulating ST6Gal-1 deficiency [33, 34] . We hypothesize that boosting circulating ST6Gal-1 levels can diminish inflammation, putatively by limiting the production of new inflammatory effector cells. To test this hypothesis, a murine system with transiently elevated circulatory ST6Gal-1 was developed and implemented. We used the s.c. implantable B16-F10 melanoma cell line, a well-documented system that delivers soluble factors into systemic circulation in murine models [43, 44] . Native B16-F10 was engineered to suppress the expression of the endogenously encoded ST6Gal-1 by shRNA to generate a control B16 clone (B16-cntl) [45] . B16-cntl was further transduced with a second vector to express high levels of the rat soluble, secreted form of ST6Gal-1 (B16-S6G). For the duration of these studies, s.c. implanted B16 formed primary s.c. tumors and did not disseminate to other sites (Supplemental Materials and Methods and Supplemental Figs. 1 and 2 ).
The LPS-induced model of acute lung inflammation was used to test the idea that in vivo supplementation of circulatory ST6Gal-1 will limit induced inflammation by attenuating the production of neutrophils, as intratracheal instillation of LPS elicits a pronounced influx of neutrophils into the airway [46, 47] . Mice bearing B16-S6G and B16-cntl were compared to WT and dP1 mice, a strain with a genetic deficiency resulting in low circulatory ST6Gal-1 previously shown to have increased neutrophil counts in the lung upon LPS instillation [35] . Inflammatory cell infiltration in the BALF was monitored as the primary readout, with neutrophils being the dominant cell type (.85%) in the infiltrates of all animals examined (Supplemental Fig. 3 ). At baseline, mice with B16-S6G had ;4-fold greater circulatory ST6Gal-1 activity (Fig. 1A) . No significant change in serum enzymatic activity was observed between WT and B16-cntl animals. dP1 values trended low and were consistent with previously reported levels, although our data did not reach statistical significance because of the small sample size [48] . Elevating circulatory ST6Gal-1 levels had a pronounced impact in suppressing LPS-induced acute airway inflammation; the B16-S6G mice had almost a 2-fold reduction in neutrophils recoverable in the BALF compared to the BALF of B16-cntl or WT lungs (Fig. 1B) . The dP1 mouse-as expected because of its circulatory ST6Gal-1 deficiency-had an overabundance of neutrophil infiltration, resulting in a ;2-fold increase in cell counts recovered in the BALF when compared with B16-S6G. Blinded pathologic evaluation by a boardcertified pathologist revealed minimal airway damage from the LPS insult, presumably because of the short time (18 h) between challenge and analysis. Nevertheless, histopathology (Fig. 1C and D) revealed increased neutrophils at low power (340) in the B16-cntl mice when compared with the B16-S6G, appearing as a diffuse and subtle thickening of alveolar walls without formation of discrete nodules. Increased cellularity was more obvious at higher power (3400) in both alveolar walls and around bronchioles. The neutrophils formed a rim around the top half of a bronchiole, with a few entering the bronchiolar epithelium (Fig. 1C) .
Elevation of systemic ST6Gal-1 levels attenuates mature neutrophil production in the marrow Previous observations suggested that altered recruitment is an unlikely cause of diminished inflammatory cell influx, and we therefore hypothesized that elevated blood ST6Gal-1 affects neutrophil availability [34] . No overt differences were observed in circulating blood counts between B16-S6G bearing, B16-cntl, and native WT animals (Supplemental Fig. 4) , and the overall marrow cellularity was essentially unchanged (Fig. 2A) . However, there was a striking depletion (by ,50%) of the differentiated neutrophils (CD11b + Ly6G + ) in the B16-S6G marrow (Fig. 2B and   C ). Presumably the depleted neutrophil pool was related to impeded neutrophil production, but perturbations to the individual hematopoietic progenitor compartments to account for this shift were not apparent between B16-S6G-and B16-cntlbearing animals at baseline (Supplemental Table 1 ).
Identification of an ST6Gal-1 checkpoint within the bipotent GMP population
To understand how circulating ST6Gal-1 alters the replenishment of the neutrophil compartment in vivo, we sought to identify the target cell population of systemic ST6Gal-1 action. We used SNA, a lectin that recognizes the cell surface a2,6-linked sialic acids constructed by ST6Gal-1. A modified 15-color flow cytometry panel based on established phenotypic markers was used to examine the hematopoietic progenitors that eventually give rise to neutrophils [49] [50] [51] . For a complete list of populations examined, please see Materials and Methods. Of particular interest were the subpopulations within the LK pool that were the precursors of myeloid lineage development, specifically the CMPs and the Pre-GM, and FcgRII/III + progenitors ( Fig. 3A; Supplemental Figs. 5 and 6 ).
An increase in cell surface SNA reactivity was observed in the FcgRII/III + progenitors of the B16-S6G marrow, relative to WT and B16-cntl marrows ( Fig. 3B and C) . Modest increases in SNA reactivity were seen within other myeloid populations on a persample basis, but none reached statistical significance ( Fig. 3B ; Supplemental Fig. 7 ). Further dissection of the FcgRII/III + progenitor compartment with recently published phenotypic markers (Supplemental Fig. 6A ) revealed that the increased SNA reactivity was restricted to those cells negative for the monocyte lineage marker, CD115 (M-CSF receptor; Fig. 3C ) [52] . (Fig. 3D) . In all, the data implicate extrinsic ST6Gal-1 in the remodeling of cell surface glycans at the GMP level.
ST6Gal-1 inhibits GMP-to-GP transition, G-CSF signaling, and MPO production
To determine whether extrinsic ST6Gal-1 impedes neutrophil production by causing death in the progenitor cells, particularly in the bipotent GMP compartment, purified WT FcgRII/III + progenitors were placed in ex vivo culture in the presence of cytokines that induce granulocyte differentiation. The addition of soluble ST6Gal-1 resulted in both diminished overall cell proliferation and production of CD11b hi Gr-1 hi neutrophils Figure 3 . ST6Gal-1 modulates surface a2,6 sialylation levels on GPs in vivo. WT, B16-cntl, and B16-S6G marrow was isolated, and both the a2,6 surface sialylation and the specific bone marrow subsets were analyzed by flow cytometry. ( Fig. 4A and B) . There was no observable difference in apoptosis (Fig. 4C) , discounting cell death as a likely mechanism of action by ST6Gal-1. These observations were duplicated with purified GMPs as the starting population ( Fig. 4D and E; Supplemental  Fig. 8 ). Monocyte differentiation was unaltered by ST6Gal-1 treatment of GMPs in the presence of M-CSF, indicating specificity for granulocytic fate decisions (Fig. 4E) .
To ascertain further the mechanism of extrinsic ST6Gal-1, LK cells from WT marrow were cultured with granulocyte differentiating cytokines (SCF, G-CSF, and IL-3), and treated with soluble ST6Gal-1 or with PBS as control. Four days after introduction of soluble ST6Gal-1, the treated LK cells failed to produce as many CD11b + Gr-1 + neutrophils as control cells cultured in the absence of ST6Gal-1 (Fig. 5A) . Gr-1 + cells generated in the presence of ST6Gal-1 also expressed less MPO, the primary granule protein and one of the earliest markers of terminal neutrophilic differentiation (Fig. 5F ). The presence of added soluble ST6Gal-1 resulted in a suppression of GP production without altering the MP pool (Fig. 5B) , indicating inhibited transition of the bipotent GMPs into committed GPs. Dye dilution experiments revealed that 85% of control LK cells completed more than 1 cell division, compared with ,70% of ST6Gal-1-treated cells after 7 d in culture (Fig. 5C ).
G-CSF rapidly induces a signal transduction cascade in myeloid precursors, of which STAT-3 is particularly crucial for triggering G-CSF-driven demand granulopoiesis [53, 54] . Bone marrow cells enriched for cKit + cells demonstrated a strong induction of p-STAT-3 starting at 10 min after G-CSF treatment alone. In contrast, pretreatment of cells with rST6Gal-1 reduced STAT-3 phosphorylation by 3.5-4-fold at all time points assessed (Fig.  5D) . Furthermore, ST6Gal-1-treated cells down-regulated the expression of G-CSF-responsive genes and myeloid transcription factors 24 h after G-CSF exposure, including Cebpa, Socs3, and Mpo (Fig. 5E) [55, 56] . Cebpb expression was not considerably altered by ST6Gal-1 treatment at this time point (data not shown).
Attenuated granulocytic development from human CD34
+ cells by extrinsic ST6Gal-1
Human bone marrow CD34 + cells, which are functional HSPCs, were induced ex vivo to undergo proliferation and differentiation into myeloid effector lineages upon stimulation by a regiment of SCF, IL-3, and G-CSF. This process was monitored by cell count and the appearance of CD11b, a surface integrin strongly associated in humans with myeloid development past the promyelocyte stage [57] . The addition of recombinant, soluble ST6Gal-1 into the culture resulted in 4-fold fewer total cells and 5.6-fold fewer CD11b + cells after 13 d in culture, but did not strikingly alter the number of remaining CD34 + cells (Fig. 6A and B) . By day 12, CD11b + cells comprised .75% of the sham-treated sample but only 50% of the ST6Gal-1-treated sample. CD34 + cells were ,7% of the total cells in both samples (Supplemental Fig. 9A ).
There was an overall diminished intensity of MPO, the hallmark of terminal neutrophilic differentiation, in the presence of ST6Gal-1 ( Fig. 6C and D) . Because the expression of human MPO is largely restricted to early promyelocytes, the result further validates the role of ST6Gal-1 observed in murine progenitors [57, 58] . Blinded reading by a board-certified pathologist revealed a concomitant 4-fold increased incidence of blasts, along with diminished frequency (from 40 to 25%) of cells staining positively for MPO. A representative field of Wright-Giemsa-stained samples used for the reading is shown in Supplemental Fig. 9B and C. Staining for NSE, a marker for myeloid monocytic differentiation, revealed diffuse staining with no qualitative or quantitative differences between control and ST6Gal-1-treated samples (Supplemental Fig. 9D and E) . Together, these observations demonstrate a role for circulatory ST6Gal-1 in regulating early granulocytic development.
DISCUSSION
The presence of ST6Gal-1 and other glycosyltransferases in systemic circulation was noted as early as the 1980s, but their functions in the extracellular milieu were never clear. Elevated release of ST6Gal-1 into the blood is a component of the hepatic acute phase response [59, 60] . Genetically altered deficiency in circulatory ST6Gal-1 led to an overly exuberant response to inflammatory challenges that was attributed to excessive production of inflammatory leukocytes [33] [34] [35] [36] , leading to the idea that manipulating ST6Gal-1 levels in the blood may have value in controlling the availability of inflammatory cells for clinically desirable outcomes. We used an s.c. implantable B16-F10 melanoma system to affect a 5-fold elevation of circulatory ST6Gal-1 levels. Although depleted neutrophil reserves were observed in the marrow, there were no alterations to the baseline number of marrow progenitors or circulating blood counts. Likely, multiple overlapping signaling pathways collaborate to maintain blood homeostasis and multipotent progenitor populations to obscure the effects of ST6Gal-1 at baseline. However, during an event with an acute demand for inflammatory cells, raising systemic ST6Gal-1 levels was effective in imposing a check on new neutrophil production. Together, these observations suggest a role for circulatory ST6Gal-1 in modulating new neutrophil production during emergency-driven demand granulopoiesis and a lesser role in the maintenance of the baseline number of neutrophils. Recent evidence linking the preservation of pluripotency in human pluripotent stem cells with a2,6-sialylation suggests that ST6Gal-1 has an important role in the suppression of differentiation [14] . We hypothesized that cells at the GMP stage of hematopoietic development were particularly susceptible to extrinsic ST6Gal-1, leading to attenuated differentiation/ proliferation of GMPs and decreased granulopoiesis. The data show that FcgRII/III + progenitors were a specific HSPC target of cell surface sialylation by extrinsic ST6Gal-1, suggesting a causal relationship between increased sialylation within this population and the depleted neutrophil reservoir in the B16-S6G mice. In vitro data demonstrating that purified FcgRII/III + progenitors and GMPs failed to produce as many neutrophils after treatment with ST6Gal-1 corroborates this observation. M-CSFR low FcgRII/III + progenitors underwent the largest changes in SNA staining in our overexpression model compared to baseline, and most a2,6 sialylation in WT FcgRII/III + progenitors was found on GMPs.
Exposure to extrinsic ST6Gal-1 blunted the capacity to differentiate into granulocytic lineage in response to cytokines, as indicated by diminished acquisition of the neutrophil markers Gr-1 and MPO. Monocyte production by GMPs was unaffected. Differentiation of GMPs into committed granulocyte progenitors is largely driven by the engagement of the cytokine G-CSF to its cognate receptor to initiate the STAT-3-driven intracellular signaling cascade [8, 53, 54] . The data show the immediate blunting of STAT-3 phosphorylation by extrinsic ST6Gal-1, followed by diminished expression of downstream Cebpa and Socs3. C/EBPa cooperates with PU.1 to active MPO expression, and we observed the blunted expression of both Cebpa and Mpo [56] . Similar to our own observations, a moderate (3-fold) knockdown of Cebpa was sufficient to abrogate granulopoiesis without compromising monocyte production at the GMP stage and beyond [61] . Expression of SOCS3, another transcription factor frequently identified as downstream in the STAT-3 cascade, was likewise suppressed [62] . Taken together, the data infer strongly that extrinsic ST6Gal-1 interferes with the G-CSF signaling in GMPs, thereby interrupting the STAT-3 driven cascade that orchestrates the instructive cues for granulopoietic differentiation.
The idea that cell surface sialylation can affect signal transduction of cell surface receptors has precedence. The Siglec CD22 is a well-known inhibitor of BCR signaling via its cytosolic ITIM. The mechanism of signal inhibition appears to rely on the recognition by CD22 of a2,6-sialic acid ligands present on the B-cell antigen receptor [63] . Competitive inhibition of this interaction, mimicking loss of BCR sialylation, resulted in increased calcium response after anti-IgM stimulation [64] . Cytokine signaling may be similarly affected, as sialylation of epidermal growth factor receptor inhibited downstream signaling by attenuating receptor dimerization and possibly ligand binding [65] . The novelty in the current report is that extracellular ST6Gal-1, produced from distal sources and released into the extracellular milieu, acts by extrinsic modification of GMP level hematopoietic progenitors to regulate granulopoiesis.
The traditional view of glycosylation is that of an exclusively cell-autonomous event mediated by intrinsic expression of glycosyltransferases modifying nascent glycoconjugates as they transit the intracellular secretory apparatus. However, it has been known for some time that a2,6-sialylation cannot always be explained by the presence of cell-intrinsic ST6Gal-1 [66] . Extensive surface a2,6-sialylation on marrow HSPC populations lacking native expression of ST6Gal-1 sialyltransferase indicated that our understanding of glycoconjugate construction was incomplete [36] . In other studies, we proposed that extracellular ST6Gal-1 could remodel glycans on target cell surfaces in a novel, non-cell-autonomous, extrinsic process [32, 36] . This represents a significant departure from the traditional cell-autonomous paradigm of Golgi-ER-mediated glycosylation.
One potential translational application of these studies is that manipulating blood ST6Gal-1 levels may have therapeutic value in the management of inflammatory conditions. The benefit may extend to other conditions affecting granulopoiesis, such as in severe myeloablative procedures when more rapid recovery of neutrophil numbers can be highly desirable. This approach leverages the natural function of a naturally occurring circulatory enzyme, and targets the novel axis of extrinsic glycosylation. 
